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cological responses to climate variations have been reported for a broad range of taxa, including fungi (Gange et al. 2007; Kauserud et al. 2008 Kauserud et al. , 2010 , across a variety of spatiotemporal scales (Menzel and Fabian 1999; Stenseth et al. 2002) . Interannual fluctuations and longer-term trends in the formation of fungal fruiting bodies (mushrooms), as well as intra-annual shifts in the timing of their productivity, have been related to landuse/land-cover changes (including deforestation), increased harvesting, and pollution (Hall et al. 2003; Gillet et al. 2010) , among other factors. A causal explanation of spatiotemporal variations in mushroom harvest, however, is still absent because of unsystematic, incomplete fungal monitoring efforts and/or inventories of insufficient duration or resolution (WebTable 1). A lack of complete and continuous recording series therefore confounds any meaningful comparison with external factors, including climate variations. Understanding past, present, and projected variations in mushroom harvest and their association with a changing climate, however, appears to be relevant not only from an ecological point of view but also from an economic perspective, given that some edible mycorrhizal fungi are among the world's most expensive delicacies (Hall et al. 2003) .
Ectomycorrhizal (ECM) fungi spend most of their life cycle in the belowground microbial stage, where they live in close association with the fine root systems of their respective host plants (Smith and Read 1997) . The mycelia (mass of thread-like hyphae that form the vegetative part of the fungus) of ECM fungi increase the efficiency of water and nutrient absorption in host plants (eg trees), thereby enhancing their resistance to pathogens (Smith and Read 1997) . Photosynthetic products are, in return, delivered by the host plants to the fungal partners, enabling mycelial formation and mushroom production, which represent an important food supply for many soil invertebrates and small mammals (Krebs et al. 2008) . Soil characteristics, in tandem with the host plant's carbohydrate allocation, may also influence the amount (production) and timing (phenology) of ECM fruiting bodies (Straatsma et al. 2001; Egli et al. 2010; Gillet et al. 2010; Pinna et al. 2010) . Almost all vascular plants interact with mycorrhizal fungi in the rhizosphere. This symbiotic relationship has considerable impact on carbon dioxide (CO 2 ) sequestration in terrestrial ecosystems (Högberg and Read 2006; Orwin et al. 2011) by increasing the amount of biomass turnover and carbon (C) exchange.
Here, we present data from a field survey, in which 65 631 discrete mushrooms were systematically registered on a weekly basis between 1975 and 2006 in a Swiss nature reserve. The number of emerging mycorrhizal mushrooms and their annual fruiting time are then compared with European climate indices, as well as with reconstructed Swiss wine harvest dates.
n Methods
Study site and sampling design
Mushroom monitoring was performed each week (without interruption during fruiting season) over a 36-year period in the 75-ha fungus reserve known as La Chanéaz, in western Switzerland (~585 m above sea level; 46˚47'55" to
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Linking climate variability to mushroom productivity and phenology 46˚48'10"N, 6˚59'52" to 7˚00'30"E; Figure 1 ). The protected area consists of a multistoried, mixed-beech forest growing on Calcaric Cambisol soils. The dominant tree species is beech (Fagus sylvatica); these individuals are about 28-44 m in height. A traditional, so-called "femel system" of forest management -periodic, small-area interventions to correct for stand-closing tendencies and to ensure natural regeneration by native tree species in the reservewas applied before and during the 1975-2006 monitoring period at La Chanéaz. Two-meter-high fences installed along the border of the 1500-m 2 study area prevented interference by mushroom pickers and forest animals.
Ulf
All epigeous (aboveground) fruiting bodies of larger fungi within five 300-m 2 plots were macroscopically and/or microscopically identified, counted, and mapped at weekly intervals. Systematic and continuous observations covered the calendar weeks 18-52 that correspond to the mushroom fruiting season and spanned the 1975-2006 monitoring period. Identified fruiting bodies were marked with methylene blue stain to avoid repeat counts. Non-edible fungal species were not recorded between 1980 and 1983. Our study concentrated on mycorrhizal species, because both their productivity and phenology are likely to reflect environmental signals more strongly and because they are less prone to sporadic disturbance. Hypogeous (belowground) mushrooms were not considered, given that their systematic excavation would have had destructive physical effects within the reserve and thus counteracted any long-term monitoring.
Data assessment and comparison
Accumulated weekly fruiting body counts (WFBC) and their cumulative sums were computed over the full monitoring period and also at three intervals within the study (1975-1990/1983-1998/1991-2006) ; these were used to assess intra-annual dynamics and were associated with additional significance tests. The sum of the products of calendar weeks and their corresponding counts divided by the total annual fruiting body countsthe weighted week of appearance (hereafter WWA) -refers to intra-annual mushroom peaks. Seasonal totals of counts and their timing quantified temporal changes in interannual mushroom productivity and phenology. Firstorder autocorrelation coefficients of the weekly fruiting body counts, calculated for each year, were used to detect structural response changes in mushroom productivity. We calculated the intra-annual temporal autocorrelation structure from the WFBC independently for each year between 1975 and 2006.
Gridded (0.5˚ × 0.5˚) indices of monthly temperature (minimum, mean, and maximum), diurnal temperature range, precipitation totals, soil moisture availability, and cloud cover fraction were developed with data from the CRUTS3 database and used for spatial field correlation analysis over the North Atlantic/European sector (30˚N-70˚N and 10˚W-40˚E). Soil moisture availability is expressed as the integral of temperature means, precipitation totals, and soil characteristics, in the form of a drought metric known as the self-calibrated Palmer Drought Severity Index (scPDSI). Seasonal mushroom means and their time of emergence were correlated against monthly and seasonal means of different climate indices (as introduced above), over different temporal intervals.
Intra-and interannual variations in regional-scale (46-46.5˚N and 6.5-7˚E) climate were evaluated. Mean and variance of regional August temperature (maxima) data were scaled to the emergence data www.frontiersinecology.org © The Ecological Society of America may have resulted in greater availability of photosynthetic products to the fungal symbionts over longer periods, enabling higher productivity of fruiting bodies. However, this increase in the number of mushrooms contradicts previously reported, large-scale disappearances of fruiting bodies (Gange et al. 2007) , with declining numbers of the Périgord black truffle (Tuber melanosporum) in southern Europe and the matsutake (Tricholoma matsutake) in eastern Asia being the most prominent examples (Hall et al. 2003) . These contradictory findings may reflect regional differences in ecological responses to climate fluctuations (Stenseth et al. 2002; Büntgen et al. 2010) . Warmer and drier habitats, such as those associated with Mediterranean truffle foci, may already be experiencing drought-induced reductions in mycelial growth, whereas temperate central European biomes may still be benefiting from a warmer climate (Büntgen et al. 2011) . In either case, the current lack of knowledge about the external drivers of hypogeous fungal productivity and phenology calls for more research (Bertault et al. 1998; Martin et al. 2010; Trappe and Claridge 2010) .
Notably, no major site-specific alterations in forest species composition and structure occurred either before or during the study period, making this an unlikely explanation for the observed changes. The presence of the protective fence surrounding the site had no obvious impact on fungal fruiting, because the relationship between mushroom harvesting and mushroom production was statistically non-significant (Egli et al. 2006) . Increased levels of nitrogen deposition during the study period would be expected to have the opposite effect on productivity of ECM fungi (Gillet et al. 2010) relative to what we observed. We would argue, therefore, that large-scale climate variations during the 20th century are the most likely factors driving the observed changes in mushroom productivity and phenology.
The increase in Swiss mushroom harvest coincides with an average delay in peak fruiting time of 10 days ( Figure  2 ; WebFigure 1). The average time of fruiting shifted from week 38.2 (during the period 1975-1990) to week 39.4 (during 1991-2006) , while the earliest and latest average fruiting dates occurred in week 34.7 in 1977 and in week 41.8 in 1998, respectively (WebTable 2). Our results match previously described delays in intra-annual fungal fruiting in other regions of the boreal, temperate, and semiarid forest zones (Munguia et al. 2006; Kauserud et al. 2008 ). An extended growing season (Menzel and Fabian 1999) may have enhanced delayed fruiting. An abrupt shift in the temporal autocorrelative structure of weekly mushroom counts -from significant positive coefficients to non-significant coefficients -occurred in the and cubic smoothing splines were calculated for timeseries filtering.
n Results and discussion Two hundred seventy-three different ECM fungal species were included in the inventory, with an average mushroom count of 240 per species. The mean weekly total was 65 mushrooms, with a maximum count of 1987 mushrooms in week 40 (October 1993). All counts conducted from 1975 to 2006 indicated a continuous intraannual production increase from late June until early October (Figure 2a) , followed by decreasing numbers of mushrooms until December (WebTable 2).
A split-period approach to intra-annual inventory analysis reveals a significant (t test, P = 0.003) increase in mushroom harvest from the first to the second half of the inventory period (Figure 2a ; WebTable 3). Independently averaged over the "early" (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) and "late" (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) intervals, the WFBC increased from 42 to 88, with standard deviations (SD) increasing from 100 to 240. The cumulative sum of weekly mushroom numbers ( Figure  2b) shows that the seasonal window of peak mushroom production was between late August and October, and further highlights the increase in mushroom counts that occurred between 1975 and 1990 and between 1991 and 2006. This boost in fungal harvest may be explained by improved growth conditions, not only for the ECM fungi but also for the host plants, as a result of recent climate change. Increasing central European temperatures during the second half of the 20th century and an associated extension of the growing season (Menzel and Fabian 1999) (1975-1990/1983-1998/ 1991-2006) early 1990s (Figure 2, inset) . We speculate that the trigger for mycorrhizal mushroom formation may have shifted from an annual energy accumulation threshold to more immediate responses to environmental conditions. Fungal mycelia may require a certain period of time to accumulate fruiting potential (Krebs et al. 2008) ; with increased energy acquisition from the host, the mandatory time to acquire fruiting potential will decrease, enabling a more direct response to optimal conditions after about the early 1990s.
Figure 2. (a) Weekly fruiting body counts (WFBC) between 1975 and 2006 (green bars) and averages of three early/mid/late
Continental-wide correlation maps for Europe depict significant positive relationships between spring, summer, and autumn mushroom abundance and the precipitation totals of the three seasonal periods: June-July, August-September, and October-November (Figure 3 , a-c). The location of the study site is included in the geographical range of significant positive correlations for all three seasons. The spatial correspondence between precipitation and fruit body production extends into southwest Switzerland and further expands northwestwardly into Scandinavia, and toward Iberia in the southwest by the end of the growing season (October-November). This response pattern reflects the spatial heterogeneity of precipitation distribution. As compared to correlations with mushroom harvests, correlations between the average fruiting time and August temperature maxima were less patchy and generally higher. The spatial extent of high correspondence (r> 0.6) between temperature and fruiting time covers most of southwestern Europe and large parts of northwestern Africa (Figure 3d ). The observed increase and simultaneous shift in mushroom emergence corresponds to warmer and wetter summers during the late 20th century (WebFigures 2 and 3) . The utilization of more complex and integrative climate parameters -such as diurnal temperature range, soil moisture availability, and cloud cover -revealed generally non-significant and temporally unstable correlations with any of the various mushroom time-series (WebFigures 4 and 5). These unexpected results may suggest direct rather than indirect climate controls on both mushroom productivity and phenology.
Correlation between the annual average fruiting time and regional-scale August maximum temperature increased from 0.74 back to 1975 to 0.92 after the timeseries are smoothed with a 10-year low-pass filter. This strong relationship allows the annual average fruiting time to be reconstructed over the 20th century (Figure 4a ). Both the estimated and actual fruiting time tended to be early in the season during the exceptionally wet and cold period between 1977 and 1979 (WebFigure 2), whereas a relatively late fruiting time corresponded to the dry and hot summers of 1989 through 1992. Late annual fruiting is estimated for the 1940s. Early average fruiting dates have been observed during the 1910s, 1920s, and 1960s.
Because grape growth and ripening across the Swiss Plateau are closely linked to variations in April-August temperatures and also relate to the harvest date at the end of the growing season, wine harvesting dates were used as a climate proxy (Meier et al. 2007) . Our new reconstruction of mushroom fruiting time and the Swiss temperature reconstruction based on grape harvest dates share common decadal-scale variability during the 20th century (Figure 4b ). The pronounced correspondence between the reconstructed annual fruiting dates and country-wide grape harvest dates is evidence that our mushroom inventory from a single forest plot is representative of patterns over a broader geographical scale. Indeed, about 50% of the total forested area in Switzerland consists of similar beech forests, with the same ratio also occurring throughout central Europe (Wohlgemuth et al. 2008) .
Our results may have implications beyond the dynamics of regional forest growth, including effects on the large-scale C cycle (Orwin et al. 2011) , because fungal mycelia contribute substantially to the organic soil fraction and further affect CO 2 exchange rates with the atmosphere (Högberg and Read 2006) . ECM fungi are therefore important players in the global C cycle, given that up to 30% of the forest net primary production is www.frontiersinecology.org © The Ecological Society of America allocated -through the tree-root interface -to its symbiotic partners. Soil respiration almost balances C fixation by terrestrial photosynthesis and exceeds all anthropogenic C emissions by one order of magnitude. Half of this soil respiratory C release derives from living plant roots and their mycorrhizal fungal partners (Högberg and Read 2006; Orwin et al. 2011 ). Therefore, as major agents of C cycling in forests, mycorrhizal fungi play a critical role in forest ecosystem sustainability and C sequestration. Previously published mushroom inventories with continuous successive recording lengths of up to 16 years (Shaw et al. 2003) mirror the patterns that we observed (WebTable 1). Progressive effects of stand aging (Martinez de Aragon et al. 2007 ) are negligible, whereas the timing of precipitation totals drives fungal fruiting (Eveling et al. 1990; Martinez de Aragon et al. 2007; Krebs et al. 2008; Bonet et al. 2010) and soil moisture availability becomes particularly important in semiarid ecosystems (Ogaya and Penuelas 2005; Barroetavena et al. 2008) . Summer temperatures have been found to affect mushroom phenology under more humid conditions (Munguia et al. 2006; Pinna et al. 2010) . We provide another independent line of evidence for climate-induced changes in ecosystem activity and underline the importance of high-resolution ecological monitoring over extended periods. We believe that our unique archive may also allow validation -and perhaps even calibration -of more heterogeneous data from herbaria (Kauserud et al. 2008 (Kauserud et al. , 2010 that are characterized by unsystematic and sporadic entries.
n Conclusions A careful analysis of the longest fungal inventory has provided evidence for an approximate doubling in the number of mushrooms, from an annual mean of fruiting body counts from 1313 (before 1991) to 2730 (afterwards). This substantial boost in productivity coincided with a 10-day delay in average fruiting time. The observed changes can be explained by improved growth conditions and extended growing seasons during the late 20th century, not only for the fungi but also for their host plants. Seasonal mushroom yields show a significant positive correlation with regional precipitation totals, while the annual timing of mushroom fruiting is directly associated with August temperature maxima. Reconstructed intra-annual timing of mushroom fruiting paralleled Swiss wine harvest dates back to 1900 CE. Our results provide independent evidence for climate-induced, long-term ecosystem change at broader spatial scales. We hypothesize that enhanced growth conditions and extended growing seasons appear beneficial from an economic as well as from an environmental perspective. An increase in the number of fungal fruiting bodies represents an edible attraction for both humans and animals, affects the organic soil fraction, supports forest health, enhances biodiversity, increases terrestrial biomass turnover, and may even influence the global C cycle. 
